Introduction
One of the most significant challenges of 21 st century is reducing the impact of climate change by developing effective ways of adaptation (Mendelsohn & Dinar 2009 ). Climate change is the result of increased greenhouse gases (GHG) emissions over the last 150 years, mainly from fossil fuel utilization and high deforestation rates (Bradley et al. 2003 , Santi et al. 2007 . The mitigation of these changes is essential to avoid future climatically driven catastrophes (PNUD 2008) .
One way to mitigate excessive GHG is by promoting carbon (C) sequestration and storage through increasing C sinks (Gower 2003) . It can be difficult to increase existing C sinks or finding new ones, and it is often expensive.
Roadsides are a land segment that can be used as a C sink, and which may be considered in afforestation activities, as well as in other ecological functions. Roadsides are areas outside the paved or traveled ways (ODOT 2006) . Such areas are expropriated by the government to build a highway, and includes, in addition to the road itself, gardens, artwork, and roadside signs. It extends up to the fences that separate the road from adjacent properties (DNIT 2005) . In Brazil, for single lane roads, the roadside vegetation is considered an "area for permanent preservation" of 60 meters width, and 100 meters for double track. Additionally, there is the "no built-up" zone where construction of any kind is prohibited, including urban, suburban, and rural expansion, that spans 15 meters on each side of the roadside, as prescribed in the Brazilian Federal Law no. 6766 of 19 Dec 1979 (DNIT 2005 .
According to Brazilian Agency of Terrestrial Transport (ANTT 2006) , Brazil has more than 1 600 000 kilometers of federal and state highways, and São Paulo State has more than 190 000 km (DER 2009 ). Considering the width of this range and extent of the highway network, there is a huge potential for creating C sinks (including soils) if these areas were considered for afforestation activities.
Plants sequester and store C. Moreover, forests have the ability to sequester C for decades, stored in the wood and other organic matter (Perry 1998) . The lifetime of a tree can be decades and even centuries, although incremental growth after maturity are generally much lower than those recorded in earlier life-cycle phases.
The faster growth of forest biomass in the tropics, due to higher temperatures and regular rain (Britez et al. 2005 , Rezende et al. 2001 , constitutes a big advantage in recovering degraded lands with the aim of C sequestration. In addition, for sequestering and storing C, the presence of forest vegetation in the roadside would bring other benefits, such as: 1. Erosion control/reduction. The revegetation or thickening of vegetation cover results in slowing the rate of runoff, in reducing or avoiding the drag mass of sediment and in the formation of gullies, and in increasing the volume of water retained in the basin (EMBRAPA 2009 (Chiarello 1999) . In regions where the fragments are close to roads, forming a continuous band of vegetation along these roads can act as a corridor, allowing the flow of animals from one section to another, contributing to the conservation of these populations (Firme 2006 DNIT (2005) show that the noise levels that reach the homes are generally above those recommended by public health care. Forests or plant barriers might act as acoustic insulation, reducing the noise level. 8. Carbon credits. There are several types of projects that can generate C credits in the voluntary market or the Clean Development Mechanism (CDM), where afforestation and reforestation are known and methodologies for quantification of C sequestration and subsequent generation of C credits can be determined. Afforestation projects may mitigate the greenhouse effect through C capture and fixation in plant biomass, generating multiple benefits. This makes them attractive to an international C market, because of environmental and economic benefits that are produced (Britez et al. 2005 ). 9. These facts indicate a viability and success of the proposed project for the generation and sale of C credits. However, carrying out a project for this purpose would require the formulation of specific methodologies, or determining the adequacy of existing ones, to be developed to meet the C credit market rules. 10. Thermal comfort. The role that vegetation plays on thermal comfort has been studied by some researchers. Shrubs, herbaceous vegetation, and especially trees, tend to stabilize the temperature and prevent extremes, in contrast to what happens on artificial surfaces. In general, on sunny days, a grassy area can be 5 to 6 °C less than areas that are paved or in concrete (Malafaia et al. 2005) . The issue of vegetation along roadsides has been discussed recently in Brazilians organizations, such as National Department of Infra-structure of Transports (DNIT) and São Paulo State's Department of Roads (DER-SP). It was the target of the 2007 law project no. 623, which concerned "afforestation of roadside". There is, however, a lack of specific information in the literature regarding the benefits and problems caused by the presence of vegetation, or concrete data on the occupancy of roadsides (DNIT 2005) . For the latter, the few data found deal with the number of commercial shops, without quantification of correspondent area occupied by these buildings along the roadside. So, distinguishing areas able to be forested and the amount of C that could be stored by afforestation activities is a way to contribute to GHG mitigation and other environmental improvements.
The aim of this study was to evaluate the density of vegetative cover along roadsides for two locations, and to use this data to estimate the potential for these areas to be used as C sinks. In addition, for areas with significant potential to be afforested, we compared the potential for C sequestration using different species of vegetation, both native and exotic.
Materials and methods

Characterization of studied areas
Two areas were studied, one was a stretch of highway 
Procedures
Two sets of aerial photographs were used in this study, both taken in 2006 and available from Escola Superior de Agricultura Luiz de Queiroz -São Paulo University. Photos had 1.0 meter resolution, and were georeferenced, ortho-rectified and mosaiced (Alves & Alves 2009 ).
The photos were exported to ARCGIS 9.0 software (ESRI 2004) for visual interpretation. This visual interpretation was carried out through analysis of features as tones/colors, shapes, patterns/sizes, shadows and textures of the targets (NRCAN 2007). After preliminary examination of photographs of both regions, it was examined two extensions of 10 kilometers of highway, one in each region. Fig. 2 and Fig. 3 illustrate, respectively, a stretch of single highway (case of Borborema) and a stretch of double highway (case of Sorocaba). Fig. 2 depicts three main situations: constructed areas (white rectangle), forested area and non forested, these last being areas probably suitable for afforestation activities. Fig. 3 presents similar situation and shows a strip that was not considered for computation (between the two lanes).
In the extension located in the region of Sorocaba (SP-280), a two-lane highway stretch was analyzed and in a second one, located in the region of Borborema (SP-304), a single lane highway stretch was analyzed, due to the characteristics of the highways.
For comparison, the area between the two lanes of Sorocaba stretch was disregarded, i.e., was not considered the land use through this region (also because among the lanes it is permitted only the grass cover). It was made in order to narrow differences between the two areas of field tracks analyzed.
After, we delimited the beginning and end of the 10 kilometers stretch of land areas in both regions. Subsequently, we analyzed the land cover and classified in the domain area according to one of the three categories listed below: 1. Occupied or non-forested area. This category included buildings, areas of access (ramps), clovers (crossroads) and rivers stretches that are located under bridges. Rivers were included in this category due the impossibility of planting trees over there and consider the areas as well as the potential to act as C sink; 2. Forested areas. Areas which were already forested within the roadside. The inclusion of this category allowed us to analyze how much of the area would be dismissed of an afforestation activity since it is already in the desired condition. 3. Afforestation Potential. the term potentially was used in order to consider that areas probably suitable for afforestation activities. However additional studies are suggested in order to detect needs for decontamination of soil, topographic and/or soil (fertility) corrections, and other activities that will collaborate with plant growth and delivery success for activity. By checking the land cover from photography, we digitalized the polygons according to visual interpretation and after, each polygon was classified according to one of category described above.
Once the study area (roadside) is fifteen meters wide on each side of the road, i.e., (30) meters in total, we considered as total area of the field ranges for each stretch the length times the width analyzed, according to the eqn. 1 (Alves & Alves 2009): where AFDB is the area of the section of the roadside analyzed -Borborema, AFDS is the area of the section of the roadside analyzedSorocaba, L is the width of the roadside, C is the length of the section analyzed.
The occupancy rate of each region was obtained by the following equations ( 
O.R. B = E AB / A FDB O.R. S = E AS / A FDS
classified as occupied or forested area in Sorocaba.
Considering that it was used the same extent of land areas analyzed in two sections, the occupancy rate of the roadside (O.R.A) was calculated using the average value of the two occupancy rates (eqn. 4).
In order to compare the amount of C stored in the areas of the State of São Paulo, two different scenarios were analyzed, each one covered by a different type of vegetation. The Scenario 1 was constructed considering native species from the Atlantic Rain Forest (Brazilian Southeastern region). Scenario 2 was constructed considering exotic species commonly used in reforestation activities, represented essentially by species of Eucalyptus spp. and Pinus spp., once they are the most commonly species used in reforestation activities in the Brazil (Oliveira 2005) .
The estimation of the amount of fixed C was established considering a period from 2 to 10 years for the two different types of vegetation here considered. This period was established according to bibliographical reference used (Britez et al. 2005 ) and also to obtain a measure of comparison between the scenarios, once there were no detailed database regarding rates of accumulated C in the first two years for the first type of vegetation.
The amount of fixed C by each type of vegetation over the mentioned period was estimated by the average of the increase of C, considering the species studied by Britez et al. (2005) . These authors estimated of the amount of fixed C during the period from two to ten years for each kind of vegetation by average values of C incremented among all species of native trees considered in the study. This bibliographical reference provides values of storage of C per year, divided into periods of 2 to 5 years and 5 to 10 years.
Afterwords, in order to calculate the amount of stored C during the period 2 to 10 years, it was calculated the average accumulated C by all species in each period. Such calculated value was multiplied by the corresponding period. Then, we summed the values obtained for each one of the two mentioned periods, in order to obtain the total increase of C within the specified period.
The same procedure was carried out for quantifying the accumulation of C by exotic species and considering the same considered period. Thus, considering whole aboveground biomass, we consider that the amount of accumulated C was 12.63 tons of C per hectare for native species and 63.09 tons of C per hectare for exotic species.
The coefficients of variation computed for the native species, in periods from 2 to 5 years and 5 to 10 years were 1.54 and 1.31, respectively. For exotic species, the coefficients were 0.56 and 0.36, respectively. These situations show expressive variation in stored C between the species used, particularly for native species.
The calculation of total increment of C was performed by multiplying the content of fixed C for each scenario of areas considered as not employed. This rate was defined as (1-O.R.A), i.e., total area considered for the full domain separately from areas considered inadequates of reforesting. It was estimated the amount of C to be fixed per kilometer of road, according to eqn. 5:
where CFx is the amount of fixed C in scenario "x" (tons of C ha -1 ) in the roadside area, according to average occupancy rate, O.R.A is the average occupancy rate of the roadside, ICN is the increment of C in the period from 2 to 10 years of native species (tons of C ha -1 ) for Scenario 1, or exotic species (Pinus spp. and Eucalipytus spp.) in tons of C ha -1 for Scenario 2. In order to demonstrate the potential of study area for incrementing and storing of C, we calculated the amount of C fixed in both scenarios (natural forest and exotic species) per kilometer of road. For this, it was determined how many meters of road were required to have an amount of one hectare of land areas, considering its width, or 15 meters to each side of the highway, using the following eqn. 6:
where Cm is the length of road (in meters) for 1 hectare of land areas, Areaha = 1 ha area = 10 000 m 2 , W is the roadside width (= 30m). So, Cm = 10 000 m 2 / 30 m = 333 meters. This means that, approximately for each 0.3 kilometers of highway, we have 1 hectare of land areas. Or, at 1 km of highway, we have approximately 3 ha of land areas. Based on these calculated values in eqn. 5 and eqn. 6 and using the conversion factor shown above (factor 3), it was calculated the amount of fixed C in the roadside per kilometer of highway through the eqn. 7:
where CFDx is the increment of C in the roadside per km of highway (tons of C km -1 ), CFx is the amount of C (tons of C ha -1 ) fixed in scenario "x" in the roadside.
Considering that one ton of C equals 3.67 tons of CO2 (Nishi et al. 2005) , the proportion of CO2 to be removed from the atmosphere in the two scenarios was calculated by eqn. 8, both in tons of CO2 ha -1 and in tons of CO2 per kilometer of road (eqn. 8):
where CO2Fx is the amount of CO2 fixed from the atmosphere in scenario "x" (tons of CO2 ha -1 ), and CFx is the amount of fixed C in scenario "x" (tons of CO2 ha -1 ). Finally, for demonstrating the roadside's potential already explored in the areas examined, it was calculated the total area vegetated, and their percentage in relation to the total area with potential for that purpose.
Results and Discussion
Tab. 2 shows the occupancy rate of each region. For Borborema's region, the sum of areas of polygons belonging to the category occupied or forested area is 1.65 ha and for Sorocaba's region is 1.76 ha.
It was observed that crossroads and ramp highways occupy most of the roadside. Shops, gas stations, motels, hotels, industries, among others, are located outside the range area. However the occupation of the roadside occurs through their access.
It was observed different degrees of urbanization. Consequently, an expressive difference between occupancy rates of the roadside was expected. However, this difference was approximately 6%. This means that, although in most urbanized areas there are a greater number of occupations, in the less urbanized there is a larger number of small farms, culminating in a larger number of interchanges and access to cut the roadside.
It was also found that areas that were included in the category forested areas were located with a wide prevalence in permanent preservation areas (riparian vegetation). These areas are along the rivers that passed under the bridges. In the studied areas (out of permanent preservation areas), only a few trees showed up along the entire stretch, and in the two regions, whose areas were not considered. The estimated value of vegetated area in Borborema was 0.11 ha and in Sorocaba region was 0.05 ha.
Tab. 3 presents the increment of C estimated for the roadside in São Paulo state with values of C and CO2 mass expressed in tons per hectare, and rate of tons CO2 per km in the roadside.
The values, estimated using the average value of increment of C from the species contained here, present some uncertainties. This is justified by the large difference of fixed C among different species, as evidenced by the variation index, which reached 1.54. The increment value of one species among all considered for the calculation of increment of C in Scenario 1, can be moderately different from the average.
Forests composed predominantly by exotic species, for this case composed basically by Pinus spp. and Eucalyptus spp., sequester approximately 5 (five) times more C than that one composed of native species (Britez et al. 2005) . Therefore, if the priority criterion for afforestation is exclusively for the mitigation of global warming through C fixation, the choice of such species could be an alternative, at least in some places. The choice of use of native or exotic specie will be made by managers or decision makers who act over determined place.
Taking into account the occurrence values for the vegetated area, the areas with potential of forestation, and besides of the potential to act as C sinks, equivalent to 56.71 ha and the average of the vegetated areas two parts is equal to 0.08 ha, the use of this potential is, on average, only 0.3%. This shows how far the areas are for an ideal situation of vegetation cover and how much remains to be done in this the area in a specific occupancy (roads).
Finally, we should consider that the database estimated and presented here reflects a typical situation for São Paulo State. São Paulo State is the Brazilian state that encompasses high rates of deforestation and high highway density. Comparing São Paulo State with whole Brazilian territory, we know that Brazil has many differences of land cover and many biomass (Atlantic forest, savannaCerrado -, Amazon forest, among others) along territory, and the potential for C sequestration is substantially different along the territory.
So, values regarding the amount of fixed C by each type of vegetation should be estimated specifically for each region. The method employed here (the sequence of equations) and the potential of use of Pinus spp. and/or Eucalyptus spp. in some localities, is a important subject that should be carefully studied, because such species present excellent adaptations along the Brazilian's environmental conditions (mainly climate and soil) and are genetically engineered. The same should be commented for other regions worldwide, specially regarding the amount of fixed C by each type of vegetation.
It is important mention that the proposal described here does not have the intention of considering forest products generated by trees, as resin, wood, fruits and oil, only the ecological service fixing C. Thus, the trees planted in pre-established places would remain there until they dead naturally, even in cases of exotic species. This scenario (Eucalyptus spp. and Pinus spp.) was considered because these species can fix C more efficiently than many native plant species. However, we understand that this is a second set of benefits that this activity can generate, while the first ones are that ones early described.
Conclusions
Regardless of urbanization level of the region, there was a large difference between the occupancy rates of the roadside. We have to consider that if the activity of revegetation prioritizes the avoid future climatically driven catastrophes, it is recommend the use of Pinus spp. and Eucalyptus spp. In relation to the formation of biodiversity corridors and restoration of natural areas, it is recommended the use of native species.
Taking into account the approximate 131 tons of CO2 km -1 highway to native species, 655 tons of CO2 km -1 of highway for exotic species and the entire grid road in the State, we can observe that there is an opportunity for a feasibility study for this project in order to generate C credits.
The tracks represent an area of enormous potential for sequestration and C storage, and very little of this is explored. Whereas global warming and all the conflicts that revolve around this, these areas should be studied and exploited, can contribute significantly to this end. iForest (2010) 3: 124-129
Tab. 3 -Simulations using both scenarios.
Parameters scenario 1 scenario 2
Fixed C in the roadside -CF (tons of C ha 
